Introduction
Discovery of the giant magnetocaloric effect in Gd 5 Si 2 Ge 2 [1] [2] [3] was followed by extensive research of the R 5 Si x Ge 4Àx phases (R is a rare-earth element). Those studies revealed not only rich physics, such a giant magnetoresistance [4] [5] [6] and colossal magenotostriction [7, 8] , present in the R 5 Si x Ge 4-x phases, but also interesting chemistry, such as microscopic twinning [9] , dependence of crystal structures on the Si/Ge ratio [10] and valence electron count [11] . The main structural feature of the magnetic/martensitic transition in Gd 5 Si 2 Ge 2 is a shear movement of 2 1 ½Gd 5 T 4 slabs (T is a mixture of Ge and Si atoms on the corresponding sites) accompanied by reversible cleavage and formation of the covalent-like interslab T--T bonds during the a-b (272 K) and b-g (593 K) transitions. [12, 13] Calculations by Choe et al. [12] and by Pecharsky et al. [14] suggested an intimate relationship between the structure/magnetism of Gd 5 Si 2 Ge 2 and valence electron concentration available for metallic bonding. This idea was later tested on the Gd 5 Ga x Ge 4Àx system, and it was found that a higher electron concentration weakens the interslab T--T (T ¼ Ga, Ge) dimers and leads to dimer cleavage and a structural transition [11] . While the role of the valence electron concentration was elucidated, the size effect and energy of the valence electrons of Ge atoms on the structural changes in Gd 5 Si 2 Ge 2 was not well understood. It can be expected that larger Ge atoms, as compared to Si atoms, increase the interslab bond distances, but the question is whether Ge atoms are sufficiently large to fully break the interslab dimers or other factors, such as the orbital energies of the valence electrons, are more consequential.
This uncertainty stems from a complex interplay between valence electron concentration, Si/Ge ratio, temperature and magnetic field during the magnetic/martensitic transition in Gd 5 Si 2 Ge 2 . In this light, a system that allows full decoupling of a crystal structure from temperature and valence electron concentration, while exhibiting a bond cleavage similar to that of Gd 5 Si 2 Ge 2 , is highly desirable for testing forthcoming theoretical models. The Gd 5 Si 4Àx Sn x system shows the Gd 5 Si 4 -type (with all T--T dimers between the slabs) and Sm 5 Ge 4 -type (no T--T dimers between the slabs) structures for Gd 5 Si 4 [15] and Gd 5 Sn 4 [16] as its end members, similar to the Gd 5 Si 4Àx Ge x system [10] . The Si-to-Sn substitution increases the average size of the T sites as the Si-to-Ge substitution does (r Si ¼ 1.173, r Ge ¼ 1.242 and r Sn ¼ 1.399 A) [17] . However, the Si-to-Sn and Si-toGe variations have the opposite effects on the average orbital energy of the valence electrons of the T sites as seen from the configuration energies 1 (CE Si ¼ 11.33, CE Ge ¼ 11.80 and CE Sn ¼ 10.79 eV) [18] . Thus, through the Si/Sn variation this system can provide some clues on how the size of the T atoms influences the structure and physical properties of the R 5 X 4 phases (R is a rare-earth element and X is a main group element). Some data on the Gd 5 Si 4Àx Sn x system were reported by Wang et al. [19] , but their focus was predominantly on the physical properties. Structural characterization of the Gd 5 Si 4Àx Sn x phases was limited to the lattice parameters refinement from powder X-ray diffraction. Furthermore, they reported a Gd 5 Si 2 Ge 2 -type phase for the Gd 5 SiSn 3 polycrystalline sample, which could not be verified by us. In this paper, we present structural changes in the Gd 5 Si 4Àx Sn x system and discuss the size effect of the Sn atoms.
Experimental details Synthesis
The starting materials were pieces of gadolinium (99.99 wt%, Materials Preparation Center, Ames Laboratory), silicon (99.9999 wt%, Aldrich), and tin (99.999 wt%, Aldrich). The alloys with the Gd 5 Si 4Àx Sn x , x ¼ 0, 0.6, 1, 1.5, 2, 2.5, 3, stoichiometry and total mass of 3 g were prepared by arc-melting the element mixtures on a copper hearth in an argon atmosphere. The alloy buttons were re-melted six times to ensure homogeneity (weight losses during melting were negligible, <0.1 wt%) and then checked for homogeneity by X-ray powder diffraction (Huber image plate, CuK a 1 radiation). Despite re-melting, the alloys with lower Sn concentrations, x ¼ 0.6 and 1, were inhomogeneous: their X-ray powder diffraction patterns indicated the presence of at least three phases with close, but different Sn amounts and lattice parameters. Both these alloys and the ones with higher Sn concentrations contained single crystals suitable for X-ray diffraction. Annealing at 1073 K for 1 week improved the homogeneity of the alloy but rendered crystals too small and unsuitable for X-ray diffraction experiments. In this paper we will be presenting only the single crystal results. The synthesized phases, except for Gd 5 Si 4 , were air sensitive and were kept and handled in an argon-filled glove box (amounts of O 2 and H 2 O were less than 5 ppm). As the tin concentration increased in a sample, the faster it degraded in air.
X-ray analysis
The cast samples were characterized by room-temperature (all phases) and high-temperature (Gd 5 Si 4 ) X-ray single crystal diffraction. For Gd 5 Si 4 the high-temperature diffraction studies were done at 363 K, above its Curie temperature of 345.7 K [20] . Crystals were picked from the cast Gd 5 Si 4-x Sn x samples with x ¼ 0, 0.6, 1, 1.5, 2, 2.5 and 3. X-ray diffraction data were collected on a Bruker SMART Apex CCD diffractometer (MoK a radiation) equipped with a Nonius crystal heater [21] , and were harvested in a reciprocal hemisphere with 0.3 scans in w and with an exposure time of 10 sec per frame. The range of 2q extended from 4 to 57 . Intensities were extracted and then corrected for Lorentz and polarization effects through the SAINT program [22] . Empirical absorption corrections were based on modeling a transmission surface by spherical harmonics employing equivalent reflections with I/s(I) > 3 (program SADABS) [22] . Structures were solved by direct methods and refined on F 2 by the fullmatrix least-squares method (program SHELXTL) [22] . Crystallographic details and atomic parameters for all crystals and interatomic distances for paramagnetic Gd 5 Si 2 Sn 2 and Gd 5 Si 4 are presented in Tables 1, 2 and 3 2 . As expected, on heating the Gd 5 Si 4 crystal from 293 to 363 K, there is a thermal expansion of the structure reflected in larger unit cell dimensions and interatomic distances (compare the T--T bonds in Table 1 [23] ) were found instead. Structural refinement indicated a statistical Si/Sn mixture on the 6g site in the crystal from the Gd 5 Si 1.5 Sn 2.5 sample, but no statistically significant Si amount was detected on the 6g site in the crystal from the Gd 5 SiSn 3 sample. A difference electron density map indicated presence of additional atoms on the 2a site, which could be occupied only by Si atoms because of the short nearest neighbor distances. Refinement of both crystals led to partial occupancy of Si on the 2a site and resulted in the Gd 5 (Sn 0.84(1) Si 0.16(1) ) 3 Si 0.63 (8) 
Electronic structure calculations
To explore the relationship between electronic and size effects of the T atoms, tight-binding linear-muffin-tin-orbital calculations using the atomic sphere approximation (TB-LMTO-ASA) [24] were carried out for the room-temperature paramagnetic structure of Gd 5 Si 2 Sn 2 and the high-temperature orthorhombic paramagnetic structures of Gd 5 Si 4 (363 K) and Gd 5 Si 2 Ge 2 (673 K). Structural parameters of Gd 5 Si 2 Sn 2 and Gd 5 Si 4 employed for calculations were taken from Tables 1 and 2 , and those of high-temperature, orthorhombic Gd 5 Si 2 Ge 2 from Reference [13] . Theoretical results for Gd 5 Si 2 Ge 2 were used for comparison. To satisfy the overlap criteria of the atomic spheres in the TB-LMTO-ASA method, empty spheres were included in the unit cell (52 in Gd 5 Si 2 Sn 2 and 90 in Gd 5 Si 2 Ge 2 ) employing an automatic procedure. The 4f electrons of Gd were treated as core electrons [25] , which is a good approximation since the structures considered are paramag- Sn x phases will be reported later). Two structural models, consistent with the Pnma symmetry and sample stoichiometry, were considered for Gd 5 Si 2 Sn 2 . In the first model, the Sn atoms were placed at the T1 site and Si atoms at T2 and T3 sites; in the second model, the Sn and Si atoms were exchanged. In the example of orthorhombic Gd 5 Si 2 Ge 2 , both the experimental data [12, 13] and theoretical calculations [25] indicated preference of Ge atoms for the T1 site. Thus, only one structural model with Ge atoms in the T1 site and Si atoms in T2 and T3 sites was studied.
Results and discussion

Structural changes
The atomic parameters of the room-temperature ferromagnetic and high-temperature paramagnetic structures of Gd 5 Si 4 are very similar and they are close to the ones reported earlier [1, 26] . We will discuss just the structure of paramagnetic Gd 5 Si 4 since we are interested only in the correlation between the structure and size of the T atoms. The Gd 5 Si 4 structure consists of 2 1 ½Gd 5 Si 4 slabs that are primarily bonded through interslab Si1--Si1 dimers of 2.51 A (Fig. 1) . This type of slab has been shown to be rather robust, while the interslab bonds can be easily broken and reformed through changes in temperature, composition, magnetic field and valence electron concentration [10] [11] [12] . Shear movement of these slabs with respect to each other determines the structure type and physical properties of a phase. If the slabs are positioned in a way as to form interslab T1--T1 bonds (d T1ÀT1 is close to the atomic diameter of a T1 atom), then the structure is of the Gd 5 Si 4 -type and usually is either paramagnetic or ferromagnetic depending on the temperature and composition. When the T1--T1 bonds are broken (d T1ÀT1 > 3:2 A), the structure is of the Sm 5 Ge 4 -type and is either antiferromagnetic or paramagnetic. Structures with intermediate interslab T1--T1 bond distances (d T1ÀT1 ¼ $2:9À3:0 A) are of the Pu 5 Rh 4 type, and no generalization can be made about the magnetic properties of these phases because only two representatives, Gd 5 GaGe 3 [11] and Ce 2 Sc 3 Ge 4 [27] , have been reported so far. As was shown for the Gd 5 Ga x Ge 4Àx system, distinction between the Gd 5 Si 4 -type and Pu 5 Rh 4 -type structures is not clear-cut, which is due to a continuous transition from one structure to another and to rather small changes in relative atomic arrangements. In our description, we will use the interslab bond distance d T1ÀT1 as a ''structural" indicator, although changes in the x coordinate can also serve for a structure assignment.
As expected, substituting smaller Si atoms with larger Sn atoms (r Si ¼ 1.173 A and r Sn ¼ 1.242 A) [17] Figure 2 shows changes for the two symmetry inequivalent T--T distances versus the average radius of the T atoms, which was approximated as r T ¼ r Si Â Si fraction þ r Sn Â Sn fraction for each T site. The T2--T3 dimer covers a smaller range in r T than the T1--T1 dimer because Sn tends to substitute more readily into the T1 sites. Furthermore, the increase of the T2--T3 bond length is rather smooth, but there is a plateau in the T1--T1 distance on going from Gd 5 Si 3.39 Sn 0.61 to Gd 5 Si 2.56 Sn 1.44 . The origin of the plateau is not understood at present, and we continue to investigate this observation. However, on going from Gd 5 Si 4 to Gd 5 Si 2 Sn 2, the overall increase is larger for the T1--T1 bonds (22%) than for T2--T3 bonds (11%): the T1--T1 and T2--T3 dimer distances increase similarly within the Gd 5 Si 4 -type structures (x 1.5 in Gd 5 Si 4Àx Sn x ) and then diverge for the Pu 5 Rh 4 -type structure (x ¼ 2). A further influence on these distance changes is the local coordination environment. An evaluation of Gd--T contacts below 3.5 A shows that the T1 sites are surrounded by 7 Gd atoms (an 8 th Gd atom is found 3.726(2) A away), whereas the T2 and T3 sites are coordinated by 8 Gd atoms. Therefore, the changes in T--T distances follow the occupancies of the T sites by Si/ Sn as well as the environments for these dimer sites. An orthorhombic ''Gd 5 SiSn 3 " phase could not be synthesized, but, rather, a filled version of the Mn 5 Si 3 -type structure was obtained. The Gd 5 Sn 4 phase is known to adopt the Sm 5 Ge 4 structure [16, 19] , in which all interslab T1--T1 bonds are broken (estimated Sn1--Sn1 and Sn2--Sn3 distances, respectively, are 3.80 A and 2.82 A based on reported lattice parameters [16] and positional parameters for Gd 5 Ge 4 [11] ).
Electronic structures of orthorhombic Gd 5 Si 2 T 2 (T ¼ Si, Ge, Sn)
The magnetocaloric materials, Gd 5 X 4 (X ¼ main group elements) show numerous magnetic and structural transitions, which are closely related to their electronic structures [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Since X can range from Group 13-15 elements, the concentration of valence electrons can significantly affect structural and physical properties. Studies on the Gd 5 Ga x Ge 4Àx system showed that stretching and cleavage of the interslab T1--T1 bonds and, thus, stability of the structures depend on the population of the antibonding states within the T1--T1 dimers [11] . On the other hand, the Gd 5 Si 4Àx Ge x system maintains constant valence electron concentration for all x, and also shows tremendous variation in room-temperature structures ranging from the orthorhombic Gd 5 Si 4 -type for x < 2, to monoclinic Gd 5 Si 2 Ge 2 -type for 2 x 2.5, and to the orthorhombic Sm 5 Ge 4 -type for 3 x 4 (there is a two-phase region for 2.5 < x < 3) [10] . The Gd 5 Si 4Àx Ge x system, therefore, calls into question the influences of atomic sizes and orbital energies of valence electrons of a main group X element on their structure and physical properties. In this light, the Gd 5 Si 4Àx Sn x system provides an additional opportunity to study these relationships: Si and Sn are isoelectronic while Si is more electronegative than Sn, and the size difference between Si and Sn is more pronounced than between Si and Ge. Our crystallographic results, however, show that Gd 5 Si 4Àx Sn x behaves quite differently than Gd 5 Si 4Àx Ge x at ambient temperatures: there is no monoclinic distortion but a steady expansion of the T1--T1 distance within the orthorhombic crystal class. For this reason, only the T--T interactions will be discussed in detail in the remaining section; a more thorough analysis of the electronic structures of Gd 5 T 4Àx T 0 x and their relationship to physical and structural characteristics is currently under investigation [28] .
In paramagnetic Gd 5 Si 4 , all Si atoms form either interslab Si1--Si1 or intraslab Si2--Si3 dimers of 2.51 A. According to the Zintl-Klemm electron counting formalism for valence compounds [29] , the Si 2 dimers are formally isoelectronic with halogen dimers and carry a negative charge of À6. If Gd atoms are treated as Gd 3þ , the chemical formula of the orthorhombic phase can be written as (Gd 3þ ) 5 (Si 2   6À ) 2 (3e À ). The three remaining valence electrons will occupy Gd--Gd and Gd--Si bonding states, as well as Si--Si 3p antibonding states. Because the Gd--Gd and Gd--Si bonding states are dispersed in energy due to significant orbital interactions (as judged from corresponding distances and high coordination numbers), and the number of valence electrons is not sufficient to occupy all bonding states, the Fermi level is expected to lie in the middle of the conduction band and Gd 5 Si 4 is expected to be a metal.
This simple reasoning is supported by calculated densities of states (DOS, Fig. 3 ). Two peaks around À9 eV and À6.5 eV represent the bonding s s and antibonding s * s states of the Si 2 dimers, with some contributions from the Gd orbitals. The valence band, which extends from À4.5 eV up to just above -1 eV, is separated by a pseudogap from the conduction band. The states below À1 eV are derived mostly from the s p states of the Si 2 dimers and Gd 6s and 5d orbitals. The states up to the pseudogap account for 28 valence electrons/formula. The conduction band, above À1 eV, has the largest contribution from Gd 5d and 6p orbitals and a small contribution from the s * p states within the Si 2 dimers. Analysis of the chemical bonding characteristics (see COHP curves in Fig. 3 ) indicates antibonding interslab and intraslab Si--Si interactions, with all other interactions with distances less than 4.2 A being bonding around the Fermi level. The change from the bonding to antibonding character of the s p states of the interslab Si--Si dimers occurs at À1.47 eV. The occupancy of the Si--Si antibonding states indicates a potential instability, which can be partially lifted, structurally, by breaking interslab Si--Si bonds as observed in Er 5 Si 4 upon cooling below 222 K [30] or, electronically, by splitting of the spin-up and spin-down bands [31, 32] , contraction of the lower-lying band and thereby reducing the antibonding character of the Si--Si (T--T) bonds in the ferromagnetic state.
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This instability is even more pronounced in orthorhombic Gd 5 Si 2 Ge 2 above the b ! g transition temperature of 593 K. Compared to Gd 5 Si 4 , the valence band of gGd 5 Si 2 Ge 2 (Fig. 4) is only slightly shifted upwards (it begins at À4.1 eV instead of À4.3 eV) due to the somewhat higher energy of the valence p orbitals (e p ¼ 7.57 and 7.29 eV, respectively, for Si and Ge) [18] . Despite this upward shift, the change from bonding to antibonding character of the s p states of the interslab Ge-Ge dimers occurs at À1.47 eV in Gd 5 Si 2 Ge 2 , exactly at the same energy as in Gd 5 Si 4 . Thus, the destabilizing contribution of the s * p states in Gd 5 Si 2 Ge 2 will be comparable to that in Gd 5 Si 4 , while the stabilizing effect of the s p states in Gd 5 Si 2 Ge 2 will be definitely lower than in Gd 5 Si 4 . The Gd 5 Si 2 Ge 2 structure finds a structurally simple way to minimize this unfavorable energetic contribution: half of the T1--T1 interslab bonds are broken (2.73 ! 3.48 A) during the orthorhombic-to-monoclinic transition (g ! b) below 593 K [13] . However, this electronic argument can be questioned because it does not take into account geometric factors, namely, the different sizes of the Si and Ge atoms. In Gd 5 Si 2 Ge 2 , larger germanium atoms (r Ge ¼ 1.242 vs. r Si ¼ 1.173 A [17] ) go predominantly into the T1 sites, which are involved in dimer cleavage. Thus, one speculation is that the size of the T atoms dictates the structure of Gd 5 Si 2 Ge 2 and other R 5 X 4 phases. To resolve this ambiguity, we will now consider the electronic structure of Gd 5 Si 2 Sn 2 .
Just like the Ge atoms in Gd 5 Si 2 Ge 2 , the larger Sn atoms (r Sn ¼ 1.399 A vs. r Si ¼ 1.173 A [17] ) go predominantly into the T1 sites of Gd 5 Si 2 Sn 2 (see Table 2 ). As mentioned above, two structural models, consistent with the Pnma symmetry were considered for Gd 5 Si 2 Sn 2 : in the first model, the Sn atoms were placed in the T1 site and Si atoms in T2 and T3 sites; in the second model, the Sn and Si atoms were exchanged. Calculations of the total energy indicate that the first model is more stable by 1.50 eV/formula unit than the second one, thereby confirming the "preference" of the Sn atoms for the T1 site in Structural variations in Gd 5 Si 4Àx Sn x 499 3 The relationship between the ferromagnetism and occupancy of the antibonding states is discussed in Ref. [31] and [32] . According to the TB-LMTO-ASA calculations, development of ferromagnetism stabilizes the orthorhombic Gd 5 Si 4 -type phases with interslab T--T bonds and prevents their transformation to a Gd 5 Si 2 Ge 2 -type or Sm 5 Ge 4 -type structure at low temperatures through reducing the antibonding character of the interslab and interslab T--T bonds. agreement with experimental observations. Therefore, only the results for the first model are discussed here.
In contrast to Gd 5 Si 2 Ge 2 , however, the T1--T1 dimers in Gd 5 Si 2 Sn 2 are stretched to 3.04 A and not broken, even despite the fact that the Sn atoms are much larger than the Ge atoms. This fact already suggests the dominance of the electronic factors over the geometric ones with respect to the dimer cleavage. Further confirmation of this assumption comes from the analysis of the electronic structure of Gd 5 Si 2 Sn 2 . The DOS of Gd 5 Si 2 Sn 2 (Fig. 3) arise from a combination of T--T and Gd--T orbital interactions. The bottom of the valence band, derived mostly from the Si and Sn valence p orbitals and Gd 6s and 5d orbitals, is shifted upwards to À4 eV due to the higher energies of the Sn 5p orbitals (e s ¼ À7.57 and À6.71 eV, respectively, for Si and Sn [18] ) and also due to the smaller 3p orbital overlap within the Si 2 dimers, resulting from the larger unit cell.
In general, the T1--T1 and T2--T3 interactions in Gd 5 Si 2 Sn 2 resemble those of Gd 5 Si 4 (Fig. 3 ). There is a variation, however, mainly among the T1--T1 interactions stemming from the different energies of the valence p orbitals of Si and Sn. Changing from bonding to antibonding interactions (s p ! s * p ) within the T1--T1 dimers occurs at higher energies in Gd 5 Si 2 Sn 2 than in Gd 5 Si 4 (À1.01 vs. À1.47 eV). Thus, fewer T1--T1 antibonding states are populated in Gd 5 Si 2 Sn 2 , and as a result, the T1--T1 dimers are only stretched but not broken. This contrasts with Gd 5 Si 2 Ge 2 , in which the half of the interslab T1--T1 dimers are broken in monoclinic room-temperature Gd 5 Si 2 Ge 2 , although the Ge atoms are smaller than the Sn atoms (r Ge ¼ 1.242 A and r Sn ¼ 1.421 A) [17] . Thus, electronic aspects, namely energies of the valence orbitals, are more consequential with respect to dimer cleavage than geometric factors. Nevertheless, introduction of larger main group atoms (X) in the R 5 X 4 structures will result in stretching of the interslab T1--T1 bonds commensurate with radius increase for the T site atoms, provided all other aspects such as valence electron concentration, orbital energies of the valence electrons and size of the R atoms remain the same.
Conclusions
Substitution of Sn atoms for Si atoms in the Gd 5 Si 4Àx Sn x system leads to a transition from the Gd 5 Si 4 -type structures for 0 x 1.5 (d T--T ¼ 2.49-2.71 A) to the Pu 5 Rh 4 -type structure for x ¼ 2 (d T--T ¼ 3.04 A). Furthermore, although Gd 5 Sn 4 is known to adopt the orthorhombic Sm 5 Ge 4 -type structure, "Gd 5 SiSn 3 " forms the Ti 5 Ga 4 -type structure, which is also described as a stuffed Mn 5 Si 3 -type arrangement. This behavior differs from the analogous Gd 5 Si 4Àx Ge x system, which exhibits the monoclinic Gd 5 Si 2 Ge 2 -type structure for 2 x 2.5, and shows a two-phase region of orthorhombic structures near x ¼ 3. Through tight-binding electronic structure calculations, we conclude that fewer T1--T1 antibonding states are occupied in Gd 5 Si 2 Sn 2 than in Gd 5 Si 2 Ge 2 , which results from lower electronegativity (higher valence 5p orbital energy) and the larger size of Sn atoms and leads to T1--T1 dimer stretching in Gd 5 Si 4Àx Sn x phases rather than splitting onehalf of the T1--T1 dimers as in Gd 5 Si 4Àx Ge x phases.
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